The adsorbate formed by adsorption of thiophenol on a polycrystalline gold electrode and brought into contact with aqueous solutions of 1 M HClO 4 and 0.1 M KClO 4 has been studied using cyclic voltammetry and surface-enhanced Raman spectroscopy. A strong adsorption is deduced from observations made using cyclic voltammetry. From the SER spectra, interactions of thiophenol with the gold surface via a gold-sulfur bond with the aromatic ring pointing away from the surface is concluded for both electrolyte solutions.
Introduction
Substantial interest has been devoted to studies of selfassembled monolayers (SAMs) formed in particular of sulfurcontaining (i.e. mostly -SH-and less frequently -SR-substituted) organic molecules on gold surfaces. [1] [2] [3] Unfortunately the term SAM has gained a huge popularity although sometimes not matching the actual properties of the layers, in particular their degree of ''organization'', i.e. periodicity. As reported elsewhere 4 the initially formed adsorbates are not necessarily well-organized and may reorganize on the surface into some better organized forms, 5 but the highly organized arrangements frequently shown are not always obtained. Because SAMs on gold electrodes hold particular potential regarding the modification of the surface properties, patterning etc. published reports on electrochemical, spectroelectrochemical and surface-analytical studies are numerous. Somewhat surprisingly the most simple molecule thiophenol † TP has barely attracted attention beyond particular applications briefly reviewed below. Its adsorption on a mercury electrode has been studied, 6 the Gibbs energy of adsorption DG ad = À25.55 kJ mol À1 implies physisorption only. The respective value observed with a platinum electrode DG ad = À41.0 kJ mol
À1
(ref. 7 ) suggests a moderately stronger interaction in the range of chemisorption. No respective values for gold have been reported presumably because of the very strong gold-sulfur interaction making most methods employed in adsorption studies and based on adsorption/desorption equilibria unsuitable; 8 the same applies apparently to silver. Data obtained for the adsorption of a number of other thio-compounds, in particular aliphatic ones, in the range DG ad = À80-100 kJ mol À1 again imply very strong chemisorption. 8 Various estimates and theoretical calculations reviewed by Ulman have resulted in a value of 167.15 kJ mol À1 for the Au-S-bond. 9 In order to close the gap in structural information -the thermodynamic one will hardly be closed at all with electrochemical methods -and to extend the initial data reported in an exploratory study by Szafranski et al. 10 we have studied the adsorption of thiophenol on a polycrystalline gold electrode using cyclic voltammetry (CV) and surface-enhanced Raman spectroscopy (SERS). 11 Carron and Hurley have used SERS and TP adsorbed on copper, silver and gold surfaces to determine the azimuthal angle at the sulfur atom. 12 A study of TP adsorbed on gold nanoparticles has been reported by Li et al. 13 wherein theoretical data pertaining to the various states of the adsorbate have been obtained using DFT and compared with experimental data. The forms of species considered in theory were as follows.
Gold was implemented as a single atom instead of a cluster or an even larger aggregate resembling a solid. Adsorption as a thiophenylate (or simply thiolate) (3) was deduced from a comparison of calculated and experimentally observed band positions. A band observed at 275 cm À1 was assigned to the 27 Adsorption of the latter compound proceeded faster; at high bulk concentration of the adsorbate the obtained SER spectra were almost identical. At lower bulk concentration differences were observed, but neither a low-wavenumber band indicative of Au-S-interaction was observed nor band assignment and interpretation in terms of the adsorbate geometry were attempted. The suitability of gold colloids for SERS was examined by Xu et al. 28 using TP as a test molecule. TP induced the aggregation of the nanoparticles. Aggregation of gold nanoframes usually assumed to give enhanced scattering caused by the enhanced plasmonic field between the particles was found to actually reduce the enhancement of SERS by TP by Mahmoud and El-Sayed. 29 The observations could be described and explained using a discrete dipole approximation. The observed and assigned bands showed different increases of enhancement as a function of the number of involved nanoframes and interparticle separation. The type of TP-gold interaction was not discussed. Gold nanoparticles arranged as dimers with hot spots at their point of contact were prepared and tested by Alexander et al. 30 using TP as a test case. Only spectra in the fingerprint region were reported without band assignment, and a pronounced relationship between the plane of polarization of the illuminating light and the dimer axis was found. TP was employed as a test molecule to determine enhancement factors by Taylor et al. 31 and to determine the actual surface areas by Buividas et al. 32 Ren et al. 33 applied tip-enhanced Raman spectroscopy to TP adsorbed on Au(110). The spectra were hardly different from those of plain TP. No metal-sulfur mode was found, no molecular orientation was deduced. For further studies surface selection rules not specified were invoked. Employing the vibrational Stark effect Marr and Schultz have imaged electric fields in both SERS and TERS using TP as a probe. 34 Fan et al. 35 used TP as a test molecule for estimation of the damping effect of a SiO 2 -shell on a gold nanoparticle. The electromagnetic enhancement was found to decrease with growing shell thickness. Wang et al.
36
reported on Au-Ag-alloy nanoparticles with different compositions. TP was used as a probe molecule in subsequent studies using SERS. SER intensities increased with growing gold content at a laser wavelength of l 0 = 1064 nm. Taking into account particle size and particle aggregation the higher gold content was related to the effect of surface plasmon resonance enhancement. SERS-active gold-silver nanofibers were prepared by electrospinning. 37 The actually observed enhancement for TP (among other molecules) depended on the gold content. Ling et al. 38 prepared silver nanowires coated with gold. The spectra reported for the fingerprint region suggest the suitability of the nanowires for SERS; no band assignments or vibrational band of a gold-sulfur mode were provided. Gold-coated silver particles prepared for an immunoassay were prepared by Cui et al.
39
A pronounced dependency of the SERS-intensity on the metallic composition was found, and the intensity was generally stronger by a factor of ten when compared with silver nanoparticles. Monodisperse gold octahedra were prepared by Chang et al.
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The surface plasmon resonance was found to increase with the particle size. Using TP as a test molecule, the suitability of the substrate for SERS was examined. The maximum enhancement was found at a particle size of 90 nm, and no signal at all was found at B120 nm. 47 have studied adsorbates of TP, benzyl mercaptan, biphenylthiol and 4-biphenylmethanethiol without and with alkoxy-substituents in the para-position on gold electrodes obtained by evaporation of gold on mica (see Scheme 2). The results of cyclic voltammetry, ellipsometry, scanning tunneling microscopy and infrared spectroscopy imply that for all benzyl mercaptans and 4-biphenylmethanethiols closely packed and ordered monolayers are formed. TP and biphenylthiols yield lower surface coverages. With longer p-alkoxy-chains increasing intermolecular interaction and closer packing are found. These subtle differences in behavior were attributed to the bond angle situation at the thiolate head group being in an interplay with intermolecular interactions. Theoretical calculations assuming both sp 3 -and sp-hybridization with respective adsorbate geometries have been reported; 48, 49 unfortunately experimental evidence (in particular vibrational spectra) supporting the suggested sp-hybridization is lacking so far.
Formation of poorly defined SAMs from TP was also deduced from contact angle measurements and ellipsometry by Sabatani et al.
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Several publications dealing with substituted TP (namely 4-nitrothiophenol, 4-amino-thiophenol 51 etc.) are available, mostly these molecules serve just as probes like TP, metalsulfur vibrations are not mentioned. Dithiols, i.e. molecules with two -SH-units, show particularly poor organization. 4 Somewhat surprisingly for TP and substituted TPs adsorbed on silver a corresponding silver-sulfur vibration was repeatedly not observed. [52] [53] [54] [55] Nevertheless, molecular adsorbate orientations ranging from flat 54 to perpendicular 55 were suggested based on the dominance of an in-plane mode indicative of perpendicular orientation. [55] [56] [57] Only Joo et al. 58 have observed a band as a shoulder at 237 cm À1 assigned to the n Ag-S ; however, the authors concluded somewhat reluctantly a face-on adsorption on the surface of the silver sol particles. Given this large body of both experimental and theoretical evidence the present study attempts to close an apparent gap: the lack of a structural model of TP adsorbed on a polycrystalline gold surface in contact with an electrolyte solution. Based on results of electrochemical experiments (cyclic voltammetry CV) and SERS the mode of adsorbate-surface interaction, the orientation of the adsorbed molecule with respect to the surface and its chemical state taking into account solution pH should be deduced.
Experimental
CVs were recorded using gold sheet working electrodes using aqueous solutions of 1 M HClO 4 (Acros, p.A.) and 0.1 M KClO 4 (Merck, p.A., pH = 4.90, unbuffered) as supporting electrolytes and a custom-built potentiostat interfaced with a standard PC via an ADDA-converter card operated using custom developed software. A relative hydrogen reference electrode 59, 60 was used in the experiments with the acidic electrolyte solution, with the solution of 0.1 M KClO 4 a mercurous sulfate electrode (E MSE = 0.375 V vs. a saturated calomel electrode SCE and 1.252 V vs. RHE in this electrolyte solution) was employed in order to avoid contamination of the electrolyte solution with specifically adsorbing chloride ions. A gold sheet was used as the counter electrode in an H-cell with compartments separated by glass frits. SER spectra were recorded on an ISA T64000 spectrometer connected to a Spectraview 2D CCD detection system using l 0 = 647.1 nm excitation laser light provided by a 
Results and discussion
Cyclic voltammograms recorded in an aqueous 1 M HClO 4 electrolyte solution with a gold electrode without and with preadsorbed thiophenol (t ad = 5 min if not stated otherwise) starting at the negative potential limit are displayed in Fig. 1 . In the positive going scan a substantial change in the current wave associated with the formation of the gold hydroxide/oxide layer is found. The cathodic reduction peak associated with the reductive conversion of the gold oxide/hydroxide surface layer is somewhat diminished. Thus this layer has been formed to a smaller extent. Consequently a substantial portion of the anodic charge must have been consumed in oxidation or at least oxidative desorption of the adsorbed thiolate. No attempt has been made to estimate the amount of coverage as applied elsewhere. 63 The duration of the View Article Online towards anodic and cathodic directions are displayed in Fig. 2 . This procedure does not risk electrode-potential induced changes, in particular desorption, caused by the initial potential step proceeding in the potential-time procedure applied for Fig. 1 where the electrode potential is switched from the rest potential established spontaneously at open circuit to the starting potential at the negative limit of the potential window where the first scan is initiated. No evidence of cathodic desorption or adsorbate reduction as reported elsewhere with e.g. 4-mercaptopyridine 64, 65 is found in the negative going scan. In the positive going scan, again, a substantial change in the current wave associated with the formation of the gold hydroxide/oxide layer is found. Differences between the current response of the covered and the uncovered electrodes are similar to those observed with the different potential-time regime applied in the previous experiment (see Fig. 1 ). After about ten electrode potential cycles reaching into the oxygen evolution region the CV of a pristine, uncoated gold electrode is observed. Assuming that strength of interaction -in the remaining absence of precise thermodynamic data -can be related qualitatively to the number of electrode potential scans necessary to remove an adsorbate; this observation agrees closely with results obtained with e.g. 4-mercaptobenzonitrile. 66 CVs recorded using TP adsorbed on a polycrystalline gold electrode subsequently exposed to an aqueous electrolyte solution of 0.1 M KClO 4 are shown in Fig. 3 for positive and negative going potential scans always starting at the spontaneously established rest potential. In comparison to the results obtained with an acidic electrolyte solution of well-defined pH-value a significantly different picture emerges. Oxidation of the gold electrode surface is strongly inhibited at less positive electrode potentials, but the anodic current finally observed at more positive potentials is more than double the value recorded with the supporting electrolyte solution. The associated reduction feature in the return scan usually assigned to a less strongly bound surface oxide, which is thus more easily reduced, is the same as that observed with the blank electrolyte solution, whereas the second reduction peak (at lower electrode potential) is almost absent. Accordingly the anodic current must be associated with formation of the less strongly bound surface oxide, and some charge (when taking the anodic charge as a measure) is consumed by an oxidative process involving TP without the formation of a strongly bound surface oxide.
SER spectra of TP preadsorbed on a roughened gold electrode in contact with an aqueous solution of 1 M HClO 4 are displayed in Fig. 5 , as the reference vibrational spectra of TP are shown in Fig. 4 . Assignment of bands as listed in Table 1 is based on literature data. 58, [67] [68] [69] [70] [71] [72] Interpretation of SER spectra aiming at elucidation of structural information ranging in the present case from the mode of interaction between TP and the gold surface to possible intermolecular interactions up to SAM-formation is based on (1) identification and assignment of bands not observed with the bulk molecule, changes in (2) band position and (3) intensity, for an introductory overview see ref. 73 . The spectra show a band around 265 cm À1 , which does not appear for liquid thiophenol (Fig. 4) , 70 becoming more pronounced and shifting towards lower wavenumbers with more positive electrode potentials. The shift implies a weaker bond at more positive electrode potentials. This in turn would not support adsorption of TP as a negatively charged species (see 2 in Scheme 1) but instead as an intact molecule R-S-H (showing a substantially weaker Au-S bond energy according to Li et al. 13 ) or as thiolate C 6 H 5 S-as also proposed by Li et al. 13 Confusion with the C-S in-plane bending mode observed by Li et al. 13 at Fig. 4 Normal Raman and infrared spectra of thiophenol. 
cm
À1 with liquid TP but not seen here (see Fig. 4 ) is only theoretically possible, the extreme enhancement needed to support such assignment with the concomitant absence of a gold-sulfur mode makes it very unlikely. Distinction between the two options 1 and 3 (Scheme 1) is possible based on the intensity patterns and band positions reported by Li et al. 13 In the present case adsorption as intact TP can be deduced when taking into account the pronounced band at 933 cm À1 assigned to the C-S-H bending mode. The presence of a hydrogen atom at the sulfur atom will presumably have only a small steric effect pushing the aromatic ring closer to the metal surface and possibly diminishing surface enhancement of in-plane modes. This argument will thus hardly help to explain the lower overall SERS intensity. For comparison SER spectra of related adsorbates interacting via the sulfur atom with the gold surface can be used. Several studies of thiol compounds adsorbed on gold surfaces by various authors have been reported, 10, 12, 74, 75 for a brief overview see also . 63 In a SERS study of adsorbed benzenethiol on gold a mode at 275 cm À1 not visible in the displayed spectra was assigned to the Au-S stretching. 12 Szafranski et al. 10 noticed a band at 270 cm À1 which was tentatively assigned either to the ring vibration mode n 15 or a gold-sulfur mode. Mode n 15 was neither observed in spectra of neat TP by Szafranski et al. nor by us (see Fig. 4) ; elsewhere, this band has been classified as weak. 69 Thus the band 265 cm À1 can be indeed assigned to the goldsulfur mode implying an adsorbate orientation with the benzene ring pointing away from the electrode surface on the surface.
Comparison of band intensities may provide evidence regarding molecular orientation. Although surface selection rules of the clear-cut type effective for infrared reflection spectroscopy as deduced by Greenler 77 are not available for SERS more complex ones have been deduced (see e.g. see ref. [78] [79] [80] [81] [82] . As concluded elsewhere based on ample evidence particularly from comparative studies employing other tools of surface science vibrational modes perpendicular to the surface are particularly intense. 83, 84 Assuming in slight simplification C 2v symmetry of TP the vibrational modes can be classified into in-plane a 1 and b 2 modes and out-of-plane a 2 and b 1 modes with all modes being Raman-active. Interaction with the surface may further reduce symmetry andat least generally speaking -cause further Raman-silent modes to become active. As collected in Table 1 almost all observed bands are of the in-plane type. Thus it can be concluded, that TP is oriented with the aromatic ring pointing away from the electrode surface. A distinction between the suggested sp-or sp 3 -hybridization and the corresponding bond angles is not possible with the evidence reported here and in the absence of vibrational spectroscopic evidence of sp-hybridization. In Fig. 6 SER spectra of TP adsorbed on a polycrystalline gold electrode in contact with an aqueous electrolyte solution of 0.1 M KClO 4 are shown, band positions and assignments are collected in Table 2 . A prominent change of relative intensity concerns the band at 933 cm À1 assigned to the C-S-H bending mode. Its relative weakness implies a relatively smaller amount of adsorbed R-S-H; accordingly R-S-dominates. The band assigned to the Au-S stretching mode is relatively weaker, its position shifts with positively going electrode potential to higher wavenumbers. Assuming thiolate as the adsorbed species the interaction (i.e. bond) will become stronger simply because of electrostatics (for other strongly adsorbed species see e.g. ref. 61) .
No further significant changes in band positions and relative intensities are observed for both electrolyte solutions. This is in agreement both with the almost covalent attachment of the molecule via the sulfur atom and an orientation of the molecule away from the surface with less exposure to the electric field in the electrochemical double layer possibly yielding band shifts. A striking difference between SER spectra obtained in acidic and neutral solution is the overall scattering intensity. The generally much larger one with the neutral solution indicates a larger coverage or a pH-dependent orientation of the scattering molecules; surface enhancement itself does not appear to be pH-dependent. The difference in intensities can be rationalized when considering the pH-dependent dissociation equilibrium of TP. In the almost neutral electrolyte solution a larger fraction of thiolate ions may be available for adsorption, and although the dominating driving force of adsorption is the gold-sulfur bond energy the electrostatic interaction in particular at electrode potentials positive to the potential of zero charge E pzc (À0.18 o E pzcvs.SHE o 0.34 V, i.e. À0.893 o E pzcvs.MSE o À0.313 V, ref. 8) appears to assist in adsorption yielding a higher coverage. In acidic solution the protonated form prevails and is adsorbed as evidenced with the band of the C-S-H bending mode. The electrostatic driving force is thus not as effective in supporting high coverage. Assessment of the influence of the pH-value on the adsorbate orientation and consequently on scattered intensity is presently too speculative. The CVs (Fig. 1-3) do not provide quantitative information about degree of coverage or number of adsorbed species, thus they are not in contradiction to this explanation. 
